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INTRODUCTION 
Review of Literature 
In recent years, there has been a growing interest on the 
part of chemical engineers in the potentialities of using sonic 
vibration as a tool to increase the rates or efficiencies on the 
various fields of unit operations. Bergmann (4) found out that 
the ultrasonic vibration might help the dispersion of solids in 
liquids. Wood and Loomis (23) recorded the phenomenon of emulsi- 
fication in their pioneering paper on the effects of ultrasonics. 
The rates of crystallization and number of centers formed were 
found to be increased in an ultrasonic field by Berlaga (5) and 
Cassady (6). Soilner and Bondy (22) have shown experimentally 
that accumulation occurs at the nodes or antinodes of standing 
waves in an ultrasonic field. Hiedemann and Brandt (9) disclosed 
a method for separating suspended solid and liquid particles from 
melts and liquids by accumulating these particles in a system of 
standing waves. All of these showed that the sound wave might 
cause or increase the relative movements between the phases of 
solid and liquid or liquid and liquid. 
By same reason, the same effects might be expected to be 
available between the phases of gas and liquid or gas and solid. 
As early as 1941, a patent was assigned to Mckittrick and Cornish 
(14) for applying the sonic wave in a fractionating column to 
increase the plate efficiency. They believed that "the sonic 
waves increased the fluid movement of at least one of the fluid 
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phases without a corresponIng increase in fluid velocity." And 
in 1950, Richardson (17) found that it was possible to reduce 
pressure requirement for the catalytic formation of ammonia from 
nitrogen and hydrogen from about 1,000 atmospheres to about 10 
atmosphere. 7e believed that the eonic vibration created an 
relative movement between the catalyst end the gas due to the 
difference of mass of the catalytic particles and that of gas 
particles. 
All of these previous workers used the sonic waves whose 
frequencies were within the 'ultresonict range, i.e. beyond 
16,000 cycle/sec. Although MckittricY and Cornish (14) claimed 
that the sonic vibrations of frequencies between 50 cycles and 5 
megacycles per second all might have influence on the efficiency 
of fractionation, they also said that "it is desirable to use 
ultrasonic waves." Due to the powerful energies the ultrawaves 
possess, it is no surprise that they might accelerate the motion 
of molecules therefore increasing the rates or efficiencies of 
dispersion, emulsification or mass transfer between the phases. 
But as Auerbach (2) pointed out, the low-frequency range was of 
economic importance. The audible sounds obviously are easier to 
produce than ultrasonic waves which can only be created under 
laboratory-scele by rather complicated equipments until now. 
In the technique of using sonic waves to increase the 
efficiency of fractionating distillation, the importance of 
selecting suitable intensity and frequency, especially the latter, 
was recognized by Mckittrick and Cornish (14). They said the 
efficiency was increased most when the natural period of the 
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vibration of the zone of contact is such that it is in a state of 
resonance with respect to the frequency of the sonic waves causing 
the vibration. But they did not indicate the order of magnitude 
of the intensities which they used nor did they indicate how 
critical the resonance effect might have been in obtaining the 
result. Other factors might also have an effect on sound. 
As an ordinary liquid surface is put under the sonic pulsation, 
its physical shape will be changed due to the vibration caused by 
sound waves. Mckittriok (14) pointed out this kind of phenomena 
occurred in his experiment of distillations with glass fractiona- 
tion columns: "it might be seen that there was rather violent 
agitation of the liquid phase, with fine drops thrown into the 
vapor phase." Under this kind of condition, at least a part of 
increase of fractionating efficiency was due to the increase of 
conducting area between the liquid and vapor phase. Therefore, 
before a quantitative study of effect of sonic vibration on the 
rate of mass transfer is possible, one challenging problem which 
needs to be solved is that of maintaining a constant area of con- 
ducting between phases as they are under the sonic pulsations. 
Objectives of Study 
To meet the problems mentioned above, the purposes of this 
investigation were: 
1. Preparing a liquid surface whose physical shape would 
not be altered by the action of the audibly sonic waves. 
2. Studying the effect of audibly sonic waves on the rates 
of mass transfer between liquid phase and gaseous phase. 
3. Finding out the factors which might influence the sonic 
effects. 
MATERIAL AND MFTTIODS 
While many kinds of systems of mass transfer between liquid 
and gaseous phase might be selected for study in this investi- 
gation, a simplest system, pure water and dry air was chosen. 
Liquid water was vaporized into air stream, and the effect of 
sonic pulsation on the rate of vaporization was studied. 
To avoid the complication of analyzing all heat and mass 
transfer action, the rate of vaporization at given conditions 
without the application of sonic pulsations was compared with 
the rate under the same conditions but with the application of 
sound. The difference between these two was assumed due to the 
effect of sonic pulsation. 
The water was vaporized from a thin water layer created on 
the top of a frittered glass pistol, one end of which was connected 
with a water source. Through capillary action, the water would 
be continuously sucked up to the top of the glass plate to com- 
pensate that which had been vaporized off and so maintained the 
liquid layer at a constant thickness. Since no accumulation 
occurred in this system, the input should be equal to the output, 
Therefore, the rate of vaporization could be measured by timing 
the rate of supplying make-up water to the liquid layer. 
1See "EQUIPMENT AND APPARATUS", Plate III. 
The rate of water applied to the liquid layer was measured 
by the following method: the supply water was contained in a 
measuring tube laid on a wooden plate.' The rate of water being 
sucked to the frittered glass plate was observed through. the move- 
ment of the meniscus inside the tube. The time required for the 
meniscus passing over one mark to another mark as t; the volume of 
space between the mark wee v; (for the calibration of v, see 
Appendix) then v/t was the rate of vaporization. (For details, 
see Preparation of a Thin Liquid Surface: Experimental Procedures. 
Under such arrangement, the whole experimental process was 
simplified to just compare the rate of movement of the meniscus 
inside the meesurin6 tube under the application of seund with that 
of without sound. 
BYTOTRESES 
Two Film Theory 
Although the real mechanics of mass transfer at the boundary 
between phases became a debatable ground recently. (Bakowski, 3), 
the traditional two-film theory still was accepted by this paper 
as a fundamental base to derive the hypotheses for explaining why 
and how the rates of mass transfer might be influenced by the 
sonic vibration. 
The two-film theory was proposed by Lewis and Whitman (13) 
in 1924, in which they assumed that there existed at the interface 
1See EQUIPMENT AND APPARATUS: Plate VI and IV. 
two thin layers of 1.q .d nd ethIch remained &tanant no 
matter how turbulent the fluw in the bulk of the i2aseoue end liquid 
phase were, These very thin etagnant leyera of liquid and gas 
were the so-called films. Within the filmm, the mass transfer 
process could only he cerr ed out by the molecular diffusion, which 
uaa a much slower proccee than distributing through turbulent 
current which happened. In the bulk- flow. Therefore in the 
;rooess of Me 58 tranefer between phases, the films auaposedly 
constituted the major portion of the resistance to encounter the 
driving force. 
Gee Film Control 
it was not ceasary that these two films, gns film and 
liquid film, pity same important roles in the process of mass 
transfer. For example, if the liquid phase contained only one 
component and the components compeeing the geeecue phaae were 
indissoluble the partial pressure in the main interface, ?1, would 
be equal to the partial pressure in the mein body of liquid phase, 
P1. This meant the resistance of liquid film wee negligible. 
The mass transfer of thie kind of eyetem was called under gas film 
control. The rate of mass transfer of a system of gas film con- 
trol tea determined by the rate of diffusion through the gee film. 
The Rate of Gaseous Diffusion 
The rate of goes:sous diffusion of s two component system might 
be calculated by the following equation Dg k' l ei (1) 
A RTIx 
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Where Ni - rate of diffusion of component 1, mole/hr. 
A area of vaporization surface, ft2. 
lig diffusivity, ft2/hr. 
total pressure, atm. 
H a gas-law constant 0.728 (ft3) (atm)/lb mole 0B. 
(11.)1 a vapor pressure of component 1 at interface, atm 
(Pi)g partial pressure of component 1 at gaseous 
phase, atm. 
(F2)lm a log mean value of partial pressure of component 
2 in the gaseous film, atm, 
T1 mean temperature in the gaseous film, °R. 
x thickness of stagnant gaseous film, ft. 
Thickness of the Gea Film 
From the equation (1), it was known that Ni, rate of 
diffusion was inversely proportional to the x, thickness of 
gaseous film. The x was generally believed to be only a function 
of the properties of gas molecules, and the mass velocity of gas 
flow, G. The relation between x and 0 might be expressed as 
follows: 
1 k(C) (2) 
Hollings and Silver (10), later Gilliland and Sherwood and 
other workers (7) all believed that n was a constant, but the 
value they propcsed varied frcm 0.56 to 0.63. Bakowski (3) 
pointed out that n was a function of G itself. n decreased with 
the decrease of G and has a higher value as G increased, 
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By equation (1), the thickness of gaseous film at different 
gas velocities might be calculated provided that the N1, e, and 
Ti, temperature at interface eere known. The value calculated 
by Gilliland and Sherwood (7) by the data obtained from a 
circular absorption, Run No. Sa9c, under the velocity of air of 
0.406 lb/ft2sec7 ;hile the total pressure was 770 mm 0g. tempera- 
ture of air twee 360C, thicknese of the atagnant film was 
0.126 cm. 
An Ideal System 
For the convenience of description, an ideal system was 
assumed as shown on flate w. The system was composed of an 
insoluble Roe and a pure liquid, contained in as rigia cylinder 
with a cloeed bottom and a movable piston as top. The temperature 
and pressure in the cylinder were so selected that in this system 
only two phases, liquid and [;as, existed. The temperature was 
kept constant, and pressure was changeable the to the movement of 
the piston. A fan in th.e cylinder maintained as aniform ratio of 
vapor to gas throughout the mein body of the gaseous phase. It 
was assumed that the action of the fan did not create any turbu- 
lent motion or unequalized pressure in the main body, so the 
velocity of the gas passing the liquid surface was constant and 
kept a uniform horizontal direction. 
In this ideal system, if the vibration and rotation of indi- 
vidual molecules were neglected, it would be fair to assume that 
the molecules in th.e main esti body all moved along a same direction 
EXPLANATION OF PLATE I 
An ideal system of pulsation 
PLATE 1 
Incion 
Gas 
('40 
PIS+011 
150 d i3 O. 04-01001.01.04, *spy. o 
i 04, Ob-04-0-i-Coropi>0.04-0,. 4 C>4- Ole' 0410 0-4. OP. 04101. 07Cyb: 
0 0 0000000 Gas F 11 m 0 0 0 0 0 0 0 0 0 
$ 0 0 0000000 
10 
11 
parallel to the interface, and the moleoules in the staEmant Rase 
film ears kept steady. 
Effect of a Sudden Pulsation 
If the piston was suddenly moven toward the liquid surface, 
for en instant, the concentration of molecules per unit volume 
would be ter rat the face of piston than et another point 
in the gaseous phase. The increase in concentration, or it might 
also be expressed as the increase of preseure, transfer from 
molecule to molecule through the collision tetween molecules until 
the pressure was again uniform throuehout the whele :aseout .hose 
of the :systems 
The mechanism A' the transmiseion of the pressure after a 
pulsation might be essumed as follower as a pulsation created by 
a sudden forward movement of the piston traveled through the main 
body of the gas, the first layer of rioleculex shich received this 
pulsetion would gain a velocity with a direction toward the liquid 
phase. These molecules started to move downward until they collided 
against the molecules underneath the The veloctty was thus 
transferred to the molecules of second layer and made them start 
moving downward. The same steps were repeated until the front 
of the pressure pulae reached the stagnant film. 
As the last layer of moleoulee in main gas body started to 
move down, they would atrike the first layer ref molecules in the 
stagnant film. Those stagnant molecules which were assumed being 
kept steady without any motion before the pulsation then gained veco. 
city, not only in vertical direction but also in horisontal direction 
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which vas orieinally possessed by n11 molecules in the main gas 
body. The molecules which gained the new velocity started to move 
along a direction neither horizontal nor vErtical but following 
the direction by which they rere hit. Then they hit other mole- 
cules to make them start movine. This kin0 of chain action formed 
a turbulent nituetion in the zone of stpenent lsyer and reduced its 
resistance arainst the mass trensfer. (Plate II, Fig. 2) 
In deriving the above hypothesis it was aseumed that all 
molecules involved had the same molecular weight. A more compli- 
cated situation would occur if the molecules of gas and vapor had 
different moleculer wele:hts. This difference in the TeSS would 
make these different kinds of molecules move at different velo- 
cities even though they :ere impacted by the same aunt of 
pressure, that meant there would be a relative motion between vapor 
and ges melecUlee. This kind of relative motion increased the 
tendency of turbulence in the staenant zone. The same effect would 
be realieed if the vibration and rotation of individual molecules 
were concerned. 
EQUIPMENT AND APPARATUS 
The frittered glass plate (Plate III), whose top space 
served as a vaporization surface, wan placed in a wooden tunnel 
connected to an air steel-pipe line (Platen IV, V end VI). 
Distilled water was eupplied to the frittered plate through 
capillary tubes and a measuring tube. (Plate VII) Plate VIII 
shows the dimensions of the wooden tunnel. All of the capillary 
tubes were connected as shown in the bottom of elate V. The 
EXPLANATION OF PLATE, II 
Fig. 1. Two film theory 
AB interface between liquid and gaseous phase 
(P1)1 st vapor pressure of component 1 in main liquid 
phase 
(F1)i partial pressure of component 1 at interface 
(Fi)g is vapor pressure of component 1 at main gaseous 
phase 
Fig. 2. The movement of water molecules in the main gas 
body and stagnant film after a sudden pulsation. 
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EXPLANATION OF PLATE III 
Frittered glass plate (true size) 
PLA
TT III 
EXPLANATION OF PLATE IV 
A top view of the frittered glass plate 
in the wooden tunnel. 
PLATT IV 
EXPLANATION OF P TE V 
A front view of the frittered glass 
Plate in the wooden tunnel. Above it is 
a Universal Model SA -HF sound driver. 
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EXPLANATION OF PLATE VI 
Schematic layout of equipment 
PLATE VI 
EXPLANATION OF PLATE VII 
Vooden tunnel and its inside 
Upper: top view 
Lower: front view 
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EXPLANATION OF PLATE VIII 
Dimensions of wooden tunnel 
PLATE VIII 
14 
1b 
3 
4 1- 
4 
4 
2E3 
Tori Viro TZL,ssisd Tt.q..1,;s 
-3 4 
10. 
24" 
Prkokir VIE IQ.-- .),004,54 Tt.worzi 
-4 1.r-i 
17q0.5,,e,ti:Uot 
27 
measuring tube was attached to a hinged wooden plate (Plate IX). 
The height of water column supported by the frittered glass 
plate, h, might be adjusted by simply changing the inclined angle 
of the platel. The value of h was measured with a transit and 
a meter stick, (Plate IT). 
Dry air: humidity and temperature were controlled by a 
dryer-heater combination (Plate X; for detailed construction of 
heater see Appendix Plate )(XXI) and was circulated through the 
wooden tunnel by an air pump (Plate XII). The velocity of air 
was controlled by adjusting the input voltage to the air pump 
through a variable transformer as shown on of Plate X, end 
measured by a flow meter as shown on A of Plate X. The inlet 
part of the air line from heater to the wooden tunnel was insu- 
lated by zonolite. A thermostat and a pair of relays mounted on 
the heater (Plate XI and Appendix Plate YYXI) kept the air tempera- 
ture constant at a desired level. The temperature of air was 
measured by an iron-constant thermoco'iple and a Leeds and Northrup 
Precision Potentiometer (Plates VII and IX). 
The vaporization rate was measured by timing the rate of 
movement of the meniscus in the measuring tube. 
The sounds were generated by an A-C current sound generating 
system which contained a Heathkit audio generator, a Bell model 
2200C High Fidelity amplifier and a Universal Model SA-HF driver 
which was mounted on the top of the wooden tunnel as shown in 
Plate V. Another D-C sound generating system which contained a 
1For meaning of 114 see PREPARATION OF A THIN LIQUID SUR- 
FACE, Plate XVI, Fig. 1 
EXPLANATION OF PLATE IX 
A. Leeds and Northrup iotentiometer 
B. distilled water flask 
C. wooden plate 
D. measuring tube 
E. metric stick 
F. mercury container 
PLA
TE 
IX
 
EXPLANATION OF PLATE 7 
A. flow meter 
B. dryer 
C. heater 
Do control board of heater 
P. variable transformer for 
adjusting the "input voltage" 
to the air pump, 

EXPLANATION OF PLATE XI 
Control panel of heater 
A. 2 - 3.2 ampere fuse 
B. indicating light (lighting as 110 v 
heaters on) 
C, condenser - CRI 
D. indicating light (lighting as 220 v 
heaters on) 
E. and F. voltage meters 
G. and Ti, condenser, CR2 and CR3 
I. 3 pole 30 ampere safety switch 
J. auto transformer, 240/120 v, 2 KVA 
60 cycle/sec. 16.6 second ampere 
K. variable transformer, 0-270 v out, 
7.5 KVA out, 28 ampere max. output. 
PLATE Y1 
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EXPLANATION OF PLATE XII 
Air Pump 
FLA TE XI I 
AIR PUMP DRIVE 
11,5v - 6O Cy-c4 E 600 W197- r_s 
1/4/F1943LE 
ThAns..5 ,Re-ra 
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Superior Electric Co. Type H3 horn or Benjamin Electric Co. 
Type F-8 horn, (Elate YIII) was occasionally used in the pre- 
liminary runs. 
The input voltage to the driver, V, was measured by a V,eston 
Model 769 electronic volt milliammeter; such readings would be 
converted to I, the intensity of the sound applied on the vapori- 
zation surface, through an I vs. V calibration curve. (For details 
of calibration, see Appendix). 
For calibrating the I vs. V, the intensity of sound was 
measured directly by a General Radio Co. Type l551-A sound level 
calibrator. A Model 7613 lapel crystal microphone, whose geo- 
metrical shape and dimensions were similar to those of the 
frittered glass plate, was often used instead of the Altec Type 
21.-BR-1.50 condenser-microphone which was a standard microphone 
for the Type 1552-B sound level meter. The advantage of using 
lapel microphone was that it might be set into the wooden tunnel 
in the exact same place the frittered glass plate had been, 
without the need of disconnecting the water supply line. The db 
readings obtained by the lapel microphone were calibrated against 
that obtained by the Altec Type microphone. 
The frequency dial of the audio generator was calibrated by 
a Heathkit Laboratory Oscilloscope; the oscillations created by 
a General Radio Type 1037-A transistor oscillator and the line 
frequency were used as standards (for details of calibration, 
see Appendix). 
EXPLANATION OF PLATE XIII 
A. Universal Model SA-HE driver. 
B. Tlenjamin Electric Co. Type 
ff-8 horn. 
C. Federal Electric Co. Type 
U-3 horn. 
FLATF 
EXPLANATION OF PLATE YIV 
A. Heathkit audio generator 
B. Bell H-F amplifier 
C. Heathkit Laboratory oscilloscope 
D. H-F sound drivers 
F. Voltage meter 
F. Type 152B Sound level meter 
G. Type H-3 horn 
H. L-C voltage meter 
I. Powerstat 

EXPLANATION OF PLATE XV 
Side view of wooden tunnel as sounds were applied. 
A. Model 76B lapel microphone 
B. Weston Model 769 electronic analyzer 
C. General Radio Co. Type 1551-A sound level meter 
D. General Radio Co. Type 1552-B sound level 
calibrator 
E. Type 1307-A Transistor (behind the calibrator) 
F. Benjamin Electric Co. Type t -8 horn 

PREPARATION OF A THIN LIQUID SURFACE 
Theory 
As has been mentioned in the Introduction, before a quan- 
titative study of the effect of sonic vibration on the mass 
transfer as applied to the stacnant laver is possible, one 
challenging problem which must be solved is how to prepare a 
liquid surface which will not be altered in its physical shape 
by the action of sonic pulsations. To prepare such a surface, 
a method has been proposed by Hall (8). He assumed that the 
disturbance in physical shape of a liquid surface created by 
the moderately intense sonic pulsations would have the nature of 
simple harmonic motion, and the maximum amplitude of the wave 
motion would not be greater than twice that of the depth of the 
liquid layer. For a very thin liquid layer, the amplitudes of 
the wave motions were assumed to be so small that it might not 
cause any seneible area change. And the surface tension of such 
a thin layer would also tend to minimize the disturbing effect of 
wave motion. 
In order to increase the reproductivity of the measurement 
of the evaporation rate, it is necessary that the physical shape 
of evaporation surface be kept as constant as possible. Conse- 
quently, the liquid layer to be used is desired to be as thin as 
possible. But the following calculation shows that due to the 
compensated effect of the surface tension, a sound wave with the 
intensity of 130 db will not cause more than one per cent area 
change upon a water layer with a depth of less than 1 7 10.'3 cm. 
To increase the area of a liquid surface with one per cent 
of the original area, the energy consumed to overcome the surface 
tension is: 
wi . O.UlA (3) 
Where W1 s energy consumed, err. 
A a original urea of liquid surface, cm2. 
= specific surface tension of liquid, 
dyne/cm2. 
For a pressure pulsation, with a displacement amplitude of 
1 x 10-3 cm., the work done is: 
W2 a APs x 1 x 10-3 (4) 
Where Ps is the intensity of the pressure needed for this 
pulsation, dyne/cm2. 
The displacement of the liquid layer is so smell that the 
gravity gradient may be neElected. BecE,use no other energy is 
involved, by energy balance: 
WI a A2 (5) 
Therefore 0.01 AS s APs 1 x 10-3 (6) 
And Ps 1,10 'S dyne/cm2 (7) 
For water at room temperature (250C) 
'8: 71.97 dyne/om 
Therefore, Ps s 720 dyne/cm2 
(8) 
(9) 
The pressure amplitude of sound wave with the intensity of 
130 db may be calculated by the following equation: 
130 20 logio(Ps)(2 x 10-4) (10) 
Therefore, Ps 780 dyne/cm2 (11) 
145 
This value is in reasonable agreement with that of equation 
(9), thus demonstrating that a sound wave with the intensity of 
130 db will not cause more then one per cent area chanL;e on a 
thin water layer whose depth is less than 1 x 10 cm. 
Creation of a Thin Liquid Layer. Liquid will rise within 
a certain limit in a eaillary tube which the liquid will wet. 
Thus, if it were possible to place a large number of capillary 
holes side by side and to conaect the tops of the sides of the 
holes to each other with a wettable surface, it would be possible 
to place the lower end of the holes in a fre.::i liquid layer, and 
liquid would then rise in the capillaries and would pass on through 
to wet the surface between the tops of the capillaries, and a thin 
liquid layer will be formed. The equipment designed by Hall (8) 
is a frittered glass plate containing many tiny holes serving as 
capillaries which raise the liquid to the top of the plate and 
form a liquid layer there. The depth of the liquid layer on the 
top of the plate may be estimated in this manner: From Fig. 1 
of Plate XVI it appeared evident that the maximum thickness of 
the liquid layer on the top of the plate will not be greater than 
the radii of the capillary tubes. That is: 
dmax r (12) 
Where dmax the maximum depth of the liquid 
layer 
r 
- the average radius of the porous holes 
of the frittered glass plate. 
According to the equations developed by Adams (1), the radius 
of a capillary tube may be calculated from the value to the maximum 
EXPLANATION OF PLATE VI 
Fig, 1. Formation of a thin liquid layer on a solid 
surface which contains a large number of 
capillary pores. 
di and d2 the thickness of liquid layer 
formed on the various positions 
of solid surface. 
;lax the maximum thickness of liquid 
layer might be created on the top 
of the plate while its capillary 
pores support a liquid column of 
the height of h. 
h the distance between the solid sur- 
face and free liquid surface a. the 
height of water columns supported by 
the capillary pores through capillary 
action. 
r a radius of capillary pore 
Fig. 2. The liquid surface inside a capillary tube 
r radius of capillary tube 
so stable contact angle, 
PLATE XV 
d2<1 ,21r 
Free 
tv 
1 
-10* r 
1 
tAI& rface, 
height of the liquid column to which the tube can raise. As 
shown on Fig. 2, klate XVI, let r be the radius of a cylindrical 
tube, so small that the liquid meniscus aoes not depart appreciably 
from the spherical form, while G is the contact angle between the 
liquid and glass. Then the radius of curvature of the meniscus 
is r/cosQ, and the fressure under the meniscus becomes less than 
that at the same height, in a liquid with a plane surface, by 
( coaG)/r. This produces a driving pressure, tending to force 
the liquid up the tube, and the meniscus will rise to a height h, 
such that the weight of the column of liquid elevated above the 
plane surface outside the tube just balances the pressure defi- 
ciency under the cured meniscus. If Dl - D2 is the difference 
between the densities of the liquid rising in the tube and the 
surrounding flLid, h must be given by 
2i coe 94' Eh(rl - D2) 
r a 2C cos 
gh(D1-D2) (13) 
For water rising in a glass tube under acceleration of gravity, 
with air above, at 2500 
Cos 10 2 1.0 
01 X Density of water a 1.0 g/crni 
D2 Density of Air e 0 
980 cm/sec2 
71.97 dyne/cm 
Above values are substituted into equation (13), then, 
0.1463 (1/h) (14) 
Since r 2 dmax2d 
14.5 
Therefore, d 0.1463 (1/h) (i5) 
This relationship is graphically expressed in Plate XVII, Fig. 1. 
With reference to Fig. 1 of late XVI, it may be noted that 
d2 dl. If the porous surface is very rough, if the pores are 
small in relation to the distance between pores, and if h is of 
adequate value then d2 d1; d2 may approach zero. When d2 0, 
portions of the evaporation surface will be dry. A reduction in 
the rate of drying would result because of the reduction in area 
available for evaporation. This relationship is graphically 
expressed in klate XVII, Fig. 2. 
Point B in Plate XVII, Fig. 2 represents the hmax. Beyond 
this point, the water on the free liquid layer can no longer be 
drawn to the top of the porous plate. The vaporization process 
may still continue within the pores, but the water is not drawn 
from below to replace that which has evaporated. 
If the porous surface is smooth enough and if the pores are 
side by side, a complete thin liquid layer will be maintained on 
the top of the plate regardless of the increase of h until the 
hmax is reached. Then, as it reaches the point of hmax, the thin 
liquid layer will suddenly disappear due to the fact that the 
liquid cannot be supplied from the free liquid surface. The 
relation between H and h can be expressed as shown on Plate XVII, 
Fig. 3. 
The actual distribution of liquid on the top of the porous 
plate may be detected by plotting an F vs h curve from experi- 
mental data; if the shape of the curve is the same as that of 
Plate XVI, Fig. 3, it follows that the liquid layer covers the 
EXPLANATION OF PLATE XVII 
Fig. 1. Relation between dmax and h, 
Fig. 2. The relation between the vaporization rate 
and the height of water column if the vapori- 
zation surface is partially dried due to the 
increase of h. 
R. The rate of liquid being risen from free 
liquid surface to the top of porous plate. 
As the whole system is full of water and 
no air bubble exists, the value is equal 
to the rate of vaporization from the 
porous plate. 
Fig. 3. The relation between the vaporization rate 
and the height of water column if a complete 
thin liquid is maintained on the top of the 
plate regardless of the increase of h until 
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entire area over the porous plate and the evaporation area is 
independent of h until hmax is reached. 
The Vapor Pressure Difference Between a Free Liquid Surface 
and a Liquid Surface on Iod of a porous Plate When the Latter 
Surface is Supporting a Column of Liquid. This problem has been 
studied and worked out by investigators who are interested in 
soil moisture (16, 16, 20) and summarized by Hall (8). 
According to the principles of thermodynamics 
- 4G° s R inK (16) 
T 
Where Go is the difference of free energy between the free 
liquid surface and as liquid. surface on the top of a porous plate, 
and K t fl s 1P1 (17) 
f2 -707i 
Where fl s fugacity of liquid surface on the porous plate. 
f2 s fugacity of free liquid surface. 
P1 s vapor pressure of liquid surface on the porous plate. 
P2 a vapor pressure of free liquid surface. 
Y1 e fugacity coefficient of liquid surface on the 
porous plate. 
Y2 w fugacity coefficient of free liquid surface. 
Under atmospherical pressure, Yi Y2 1 
then K s Pi s H1 a 
F2 H2 1" (18) 
Where H1 s io relative humidity over porous plate 
H2 s % relative humidity over free liquid surface s 
100% 
Therefore from Equ.(16),. 400 * Fln 91 f(inHi.ln 100) 
TUC 
A GO a 'ET 2.303 (log 100 - log9) 
2 ET 2.303 (2 - lob. H) 
Let4G° is expressed on the busts of cm FT20 column (Assume 
water density 1.00 g/cm). 
Then R 82.05 c.c. atom 
4700 cmE2g 
o 
4 (2.303) (4700) (T°K) (2 - log , 
At 25°C, T 2v6°K 
4 3,23 x 106 (2 - 106 9) cm 920 
2 
since 60 a ci Vap V.6 k .431' h 
;chore AP is the pressure bead of water column; v is the 
specific volume of eater; is the density of water; h is the 
height of water column supported by the zero ca plate. Therefore, 
h 3.23 Y. 106 (2 - log 91) cm 920. 
A study of this equation demonstrutee that the humidities 
are influenced very little by the height of water column being 
supported. To reduce 92 from 1004 to 90%, a column of water about 
1480 meters would be required: at 99 per cent humidity a column 
141 meters and at 99.9 per cent a column about 1L- meters high 
would be necessary. 
The calculation shown above may be proved by the experiments: 
the rates of evaporation of the liquid layer over the top of a 
porous plate are compered with that of a free liquid with the 
exact same area and under the same conditions. If they are the 
same, that means the vapor pressure over these two liquid sur- 
faces are the same. But if the rates of evaporation are different, 
that does not necessarily mean that the vapor pressures of these 
two ligaid surfaces are unequal, because it may be caused by the 
decrease of the effective vaporization area (partially dried) of 
the liquid layer which eueeorte a water column of considerable 
height, as it has been discussed. 
Experimental procedures 
Before a run was started, the frittered glass elute and 
water lines were connected as shown in Plates V and VII. The 
spaces inside the frittered glass plate: and capillary tubes were 
filled with distilled water, which was continuously supplied from 
a flask through a three-way stopcock along the direction I as 
marked on wooden elate of Flute LX. The presence of air bubbles 
in the entire water lines was carefully avoided. 
The zero end of a metric stick was placed on the top of the 
frittered glass elcte. The vertical distance from the surface 
of the frittered plate to a datum line was measured with a transit, 
and recorded as h°. 
The heater and air pump were started. The thermostat on the 
heater and input voltage of the vacuum pump were adjusted to 
achieve a desired temperature and a certain flow velocity of air. 
The inclined angle of wooden plate on which the measuring 
tube was attached was adjusted until a desired distance between 
the center line of the measuring tube to the top surface of the 
glass plate was achieved. The altitude of the measuring tube 
related to the same datum line was reed by the transit by setting 
the zero end of metric stick to coincide with. the center line of 
the measerine tube, the value obtained was recorded as h'. The 
net distance beteeen the center line of measuring. tube and top 
surfece of the elass elate, h, which also was the heieht of the 
water column supported by Vle eorous surface of the frittered 
glass plate due to the capillary action, was calculated by h' 
minus h°. 
Before this stee eas carried oet, warm air should. have been 
circulated at least four to five hours to make sure that the 
temperature difference between the sir and the vaporization sur- 
face of the frittered glees plate had reached an. equilibrium 
etate. Then the stopcock was turned from direction I to direction 
II as marked on Plate 17 to let the water flow into the measuring 
tube. The stopcock WF,E7 then turned to direction III. The water 
inside the measurine tube began to be drawn to the glass plate. 
The rate of movement of meniscus inside the measuring tube was 
noted. This readine, after being multiplied by the cross section 
area of the measuring tube, was the rate of decrease of volume 
of water inside the measuring tube, which in turn was equal to 
the rate of vaporization from the toe surface of the frittered 
glass plate. 
Before the water inside the measuring tube was emptied, the 
stopcock was turned buck to direction II, and the measuring tube 
again wee refilled. 
The distance between the center line of the measuring tube 
and the vaporization surface, 11, was changed to another value by 
adjusting the inclined angle of the wooden plate. 
Repeat step five. 
In some runs, a mercury column was added to the water column 
to get a greater value of the equivalent hei47ht of water column. 
Its connection was shown on ilate IX. 
The value of h was gradually increased for each subsequent 
run, until a critical point was reached where the water layer on 
the top of the porous plate was broken and air bubbles came into 
the glass plate. The value of h at this point was considered as 
hmax. 
Results and Discussion 
Summary of Data. The rates of vaporization were observed 
with various heights of water column supported by the frittered 
glass plate. The variation of h covered a range from 0.4 cm 
positive water head to 145 cm negative water head which was 
achieved by adding a mercury column. Within this range no change 
of rate of vaporization due to the change of the value of h was 
found. The temperature and velocity of dry air used were around 
5500 and 0.108 lb/ft2 sec. corresponding to 1.53 ft/sec. Under 
such conditions, the 145 cm negative water head was found to be 
the maximum height of water column which the frittered glass plate 
might supi:ort; the liquid surface was broken and air came in as 
the value of h was increased beyond this point. (The data were 
plotted on Plate YVIII. For original data, see Appendix, Run No. 
U-10-01 to U-10-24, M-18-01 to M-18-19, and M-16-01 to M-16-38). 
Discussion. The first problem encountered in carrying out 
the experiments was the determination of the temperature of the 
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vaporization surface. The dry air temperature was measured by 
a thermocouple, but no satisfactory measurements or estimations 
of surface film temperature were obtained. The temperature 
readings obtained from a thermocouple which was in contact with 
the vaporization surface might not be considered as real surface 
temperature due to the influence of hotter air layer above the 
surface. Since not the absolute value but the constancy of 
surface temperature was essentially important in the experiment, 
the obstruction was by-passed by circulating the warm air for 
more than four hours before any readings of rates of vaporization 
were taken to assure that the temperature of air and of vapori- 
zation surface had reached a state of equilibrium. The 
temperature of air was kept constant with a fluctuation of less 
than 1°C through the aid of a pair of relays and thermostat 
circuit on the heater, (Appendix, Plate YYYI). The experimental 
data showed that such small variations of air temperature had no 
appreciable effect on the rates of vaporization. That meant the 
surface temperature was practically kept constant. 
Another problem encountered was the presence of air bubbles 
inside the frittered glass plate. Sometimes these bubbles had 
little or no effect upon vaporization rates measured, but in 
most cases their presence caused unreprodAcible results. 
Improved laboratory techniques and careful operation gained 
with experience help keep air bubbles out of the system. The 
data plotted on Plate XVIII were free from air bubbles. 
In runs M-1j-18 and M-18-19 (Appendix, Original data), the 
water level of the measuring tube was O.L. cm higher than that of 
6( 
frittered glass plate surface. This positive water head assured 
the existence of a complete liquid layer over the top of porous 
surface, which might be confirmed by visual observation. The 
vaporization rates of these two runs were compared with that of 
other runs which had negative water head, Plate XVIII shows 
obviously that the rate of vaporization was practically inde- 
pendent of the variation of h and identical with that of positive 
water head as long as the values of h were within the limitation 
of 145 cm. As a result, a conclusion might be drawn that for a 
water column up to 145 cm. in height the top of the porous plate 
was as completely wetted as when it vies under 0.4 cm positive 
head, 
From Plate XVII, Fig. 1, it was found that as h : 80 cm, 
dmax 1.0 x 10-3cm. As it had been pointed out that the sonic 
pulsation would not cause more than one per cent area changes in 
a water layer whose depth was less than 1.0 x 10-3cm, therefore 
the water layer being created on a porous plate which supported 
a water column higher than 80 cm was considered satisfactory to 
be used as a vaporization surface for study quantitatively the 
effect of sonic wave on the rate of vaporization. 
THE EFFECT OF SONIC PULSATION 
Experimental Procedures 
In this exploratory investigation which dealt with the 
combination effects of three motions: the wave motion created 
by the sonic pulsation, the flow motion of air stream , and the 
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transfer of material between phase, the required information for 
making a theoretical analysis was lacking. Hundreds of prelimi- 
nary runs were made before a reproducible condition was established. 
The effect of frequency was noted to be so sensitive that a slight 
movement of the frequency control dial on the audio generator 
which could not be distinguished from the dial marks might cause 
quite different result. The position of glass plate located in 
the wooden tunnel and the angle of vaporization surface against 
the air stream were found to be critical. These variables had 
to be carefully specified in order to get reproducible data even 
without the application of sound. Some small holes drilled to 
set in the thermocouples on the wall of wooden channel were found 
responsible for the fluctuated data obtained during the prelimi- 
nary runs. The contamination of vaporization surface of the 
frittered glass plate might weaken the surface tension of liquid, 
in turn cause the top surface of the glass plate not to be com- 
pletely wetted. 
Reproducible results were achieved after efforts had been 
made to keep all experimental conditions, except the variables 
investigated, as constant as possible. The glass plate which had 
been carefully cleaned by sulfuric-sodium dichromate cleaning 
solutionl, was located in the wooden channel such that the vapori- 
zation surface was almost on the center line of the wooden channel, 
directly under the mouth of the sound driver and parallel to the 
Llbe cleaning solution was prepared by adding 250 ml conc. 
H2SO4 (96% c.p.) to 10 ml saturated sodium dichromate water 
solution. 
direction of the air stream (Appendix, Plate XXVIII). The posi- 
tion was never changed throughout all the runs. The wooden 
channel, especially the section inhere the glass plate was 
located was well sealed by plastic wood to make sure no leakage 
occurred to cause undesirable air current flow. For experimental 
procedures, the same steps as listed on PREPARATION OF A TPIN 
LIQUID SURFACE from one to eight were followed, except that on 
step five, in most runs, the sound waves were applied. 
The sounds were usually applied for only two to ten minutes. 
The rates of vaporization were measured in the same manner as 
described in steps five and six on PREPARATION OP A TUIN LIQUID 
SURFACE. The readings obtained before and after the sonic appli- 
cations were compared with that measured when the sLulnd was applied. 
Their difference would be assumed as the result of the sonic effect. 
Results and Interpretations of Data 
Influence of Frequency. Thirty-three runs were carried out 
for a brief observation of the influence of frequency on the 
effect of sonic pulsation. Input voltages to the driver were 
adjusted to produce the sounds at the same level of intensity 
while the frequencies were varied. Two different levels of inten- 
sity were observed. Intensity of 130 db was tested with three 
different frequencies while the air at i12°C was circulated at a 
mass velocity of 0.017 lb/ft2sec. (almost corresponding to 0.23 
ft/sec.). Data were plotted on elate XIX as separate lines since 
the arbitrary change of R with respect to f. It was noted that 
the sonic wave with the freqency of 1,160 cycle/sec increased 
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the rate of vaporization up to 300 per cent while almost no effect 
might be found with frequency of 1,600 cycle/sec and 2,350 cycle/ 
sec. Another phenomenon worthy of mention is that the rates of 
vaporization right ,:f..ter the sound stopped, as bun D-4-1, D-4-12, 
and D-4-14, were faster than that before the application of sound. 
(Ref. to Original data, Appendix). 
Nine different frequencies with a constant intensity of 124 
db were observed under the condition of natural convection. (Go 0). 
The air was circulated for four hours through the drier to reduce 
its humidity before the data were taken. After each run the air 
was circulated for two minutes to blow out the water vapor accumu- 
lating above the vaporization plate, a waiting period of 15 
minutes was allowed to let the air settle. The data of D-5-01 
and D-5-09 (Original data, Appendix) were a little higher than 
the average value due to the fact that these two runs were carried 
out right after the stop of the air pump. 
Plate YY shows that under the conditions specified, 1,150 
cycle/sec is an optimum frequency. 
Influence of Intensity. The influence of sound intensity 
was studied intensively under five different levels of velocity 
of air. The height of water column and the frequency of sound 
applied were fixed at 86 cm and 1,150 cycle/sec respectively while 
the intensities of sound varied from 93 db to 129 db. 
The noise background of the room was 60 db. Since db is a 
logarithmic function, the intensity of 80 db expressed as pressure 
amplitude, is only about 0.2 per cent of that of 110 db, the 
weakest sound applied. 
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The data (Appendix, Original data, Run N-25-01 to N-29-51) 
were plotted on Plate XXI. I 80 db meant no sound was applied. 
In general, the rates of vaporization increased with the increase 
of intensity. It was noted that the effect of sonic pulsation 
was prominent on the range of lower velocity of air and decreases 
with the increase of velocity of air. Under the high intensity 
of sound, the rates of vaporization almost approached to a common 
point regardless of the difference of velocity of air. 
Influence of Air Velocity. To confirm the tendency shown 
on Plate XXI that under the sonic pulsation of suitable frequency 
and strong intensity, the rate of vaporization practically would 
be independent of the velocity of air stream, 35 runs were carried 
out under the sound wave with the frequency of 1,150 cycle/sec 
and intensity of 129 db/sec while the velocity of air was varied 
from the zero (natural convection) to c.12 lb/ft2sec. The height 
of water column and temperature of air wore fixed at d6 cm and 
27 -29 °C. 
The data (Appendix, Original data Run N-29-03 to N-29-35) 
were plotted on Plate XXII as 7ff vs G. They checked well with 
those of Plate XXI. ri under the sound wave of 129 db appeared 
independent of G from G = 0 up to G s 0.70 lb/ft2sec, while 
of no sound changed from 1.1 x 10-5 lb/ft2sec. to 3.25 x 10-5 
lb/ft2sec. (The small reduction of E at C = 0 as sound applied 
might be caused by the accumulation of water vapor over the 
vaporization surface.) For higher air velocity, the rate of 
vaporization increased with the increase of air velocity, but 
slower than the correspondent increase if no sound were applied. 
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At the point of G 0.108 lb/ft2sec, the vaporization rate with 
sound applied and that without sound were identical, no effect 
due to the application of sound was observed. For the air velo- 
city higher than that point, the WIs under the apijication of 
sound were less than those witho.A; the application of sonic 
pulsation resulted in a negative effect. 
The highest air velocity investigated was 0.12 lb/ft2sec. 
which was the maximum capacity of the air pump used. 
Influence of h. To avoid the complexity of introducing one 
more variable, all runs except a few were carried out at a constant 
h of 86 cm. The data (Appendix, Original data Run A-19-01 to 
N-19-11) of few runs carried at h 0 were plotted on Plate XXIII 
to compare with those obtained at the same condition but h * 86 
cm. Deviations between these two lines were found in the range 
of I 122 db to I 125 db. These two series of experiments 
were run completely independently; the frequency dial of audio 
generator might not have been set at exactly the same position. 
Since a small change of the position of the frequency dial might 
introduce considerable error in frequency as well as intensity of 
the sound applied, such relative small difference between two 
series of runs should be considered as experimental error rather 
than due to the change of h. 
Discussion 
Wind Effect'. While the results of hundreds of rune at least 
The "wind effect" is defined as the disturbances caused by 
the "wind current" created by the movement of the diaphragm of sound 
driver. The difference between "wind current" and "sound wave" is 
that the former is a flow Motion and the latter is transmitted 
through molecular motion, 
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established the fact that the rates of vaporization might be 
increased by operating a sound driver set above the vaporization 
surface, the data still might be questioned whether or not such 
an increase was caused by the "wind effect" created by sound driver 
rather than the "sonic effect" of sound wave. To answer that 
question, smoke created by an E. Vernon Fill and Co. smoke gun 
was introduced into the wooden tunnel. Its distribution pattern 
with or without the application of sound was observed. It was 
found that even under the sonic of 129 db and 1,120 cycle/sec, 
which caused great increase of rate of vaporization, no appreci- 
able change of smoke pattern was found. This fact should be 
considered as sufficient evidence that no such strong wind which 
would increase the rate of vaporization up to 210 per cent had 
been created by the sound driver. Another fact might support 
this point of view is that the driver should cause same degree 
of wind effect whether it was operated at 1,160 cycle /sec or 
1,600 cycle/sec., but the rate of vaporization under the sonic 
pulsation with former frequency is three times that under the 
latter as shown on Plate YU. 
Resonance. The abrupt change of Ti vs. f, as shown on the 
Plates XIX and XX, might be assumed to be the result of the 
existence of a state of resonance; only at the resonance fro.. 
quency would the sound pulsation be expected to give significant 
effect on the W. The resonance is a function of boundary con- 
dition of the medium where the waves travel, from the sound that 
the R was independent of h under the sound pulsation with a fre- 
quency of 1,10'cycle/sec., (see Influence of h). Such kind of 
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resonance should be the sound wave in the medium of air rather 
than of water (otherwise, the E had to be a function of h since 
the latter was a function of the thickness of water layer, in 
other words, the function of the boundary condition of the medium 
of water.) As a result, the condition of resonance was a function 
of the geometric shape of the wooden tunnel in which the sound was 
applied. No method has been developed to predicate the resonance 
frequencies; the knowledge available is only enough to say that 
for the special geometric shape of the wooden tunnel used in this 
investigation, (for dimensions see flats VIII) 1,150 cycle/sec 
seems to be one of the resonance frequencies. It is believed 
that some other resonance frequencies might be found in the range 
of hundreds cycle per sec. No systematic tests had been carried 
over that region to prove this assumption since the A-C audio 
generator used in this investigation could not generate sounds 
strong enough with such low frequency. However, in some prelimi- 
nary runs, by using another D-C current horn, the sounds of 320 
cycle/sec. with the intensity of 124 db had been successfully 
generated, the data (Appendix, Original data, Run J-23-01 to 
U-23-30) plotted on Plate XXIV shows that even under air flow 
of velocity as hie as 0.11 lb/ft2sec, ten per cent to fifty per 
cent increase of vaporization rates were found. However, it was 
also noted on Plate XXIV that R appears as a function of h; that 
meant as the frequency being 320 cycle/sec, a resonance of sound 
wave in water layer might occur. 
Liquid Layer. The liquid layer serving as a vaporization 
surface in this investigation was supporting a water column of 86 
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cm. Plate XVII, Fig. 1 showed that the dmax of such water layer 
ras in the order of 1.0 x 10-3 cm, thich was supposed to be thin 
enough to prevent the elternetion of physical shape due to the 
sonic pulsation according to the calculation preeented on PRE- 
PARATION CF A THIN LIQUID EURFACF." 
Plate MIT ehous that at a frequency of 1,150 cycle/sec the 
r. were almost the same either h e 0 or h 86 cm. That might mean 
the liquid leyer created on the top of the porous plate regard- 
less of its thickness wculd not be chanced in its physical shape 
by a sonic pulsation with the frequency of 1,150 cycle/sec., 
although it shows a different effect as being pulsated by sonic 
wave with lower frequency as shown on Plate YXIV. 
Time Experiments proved that the rate of vaporization 
responded to the sonic pulsation immediately after it was applied, 
and returned back to the original rate right after the audio gene- 
rator was turned off. In many runs strong sounda had been 
continuously applied for ten or fifteen minutes. No evidence 
showed the TT would be the function of length of time the sound 
being applied. To test whether the increase of time of appli- 
cation might improve the effect of weal: sound, a run was carried 
out by applying the sound of 118 db for more than one hour. The 
result (Appendix, Original data Run No. N-25-13 to N-25-18) 
plotted on Plate YYV shows negative answer. 
Velocity of Air Stream, The data plotted on Plate XYI and 
XXII show that the velocity of air is an essential factor of sonic 
effect. It should be emphasized that the G was an average mass 
velocity, while tke local velocity around the vaporization 
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surface, which is a function of the geometric shape of the glass 
plate as well as its position and angle against the air stream, 
might be quite a different value. The smoke showed that in the 
region of six inches up stream from the glass plate, the critical 
point for the stream changing from laminar flow to turbulent flow 
was Re w 1,250, (G * 0.031 lb/ft2sec as T 300C) while the region 
around the glasS plate was turbulent even as Re s 850. (G 0.022/ 
ft2sec as T 300C). 
A Hypothesis. The conclusion that the sonic pulsation will 
"fix" the rates of vaporization while the mass velocity of air 
stream is varied seems strange enough at first glance, but it is 
not contrary to reason if the concept of stagnant film is adopted. 
According to the two film theory suggested by Lewis and 
Whitman (13), the resistance to the mass transfer between phases 
was assumed to be concentrated on the two films adhered to both 
sides of the interface. In the case of vaporization of pure water 
into the air stream, the resistance of liquid film may be neglected 
and the rate of mass transfer was solely controlled by the resistance 
of the stagnant air film. As shown by equation (2), the thickness 
of the stagnant film is a function of the velocity of the gas 
stream, so that IT becomes a function of .G as shown on the no sound 
line of Plate XXII. 
As it is suggested on HYPOTHESES, the effect of sonic pul- 
sation is supposed to disturb the stagnant film. It is assumed 
that under a sonic pulsation with suitable frequency and strong 
enough intensity the gas molecules of stagnant layer might all 
be disturbed into a turbulent state, and as a result the stagnant 
film disappears. It certainly does not mean that under such 
conditions the water will be vaorized at infinitive rate, because 
even in a vacuum chamber such a thint, will not occur due to the 
molecular attraction forces in the water layer. As a matter of 
fact, the effect of sonic pulsation which converts the stagnant 
film into a kind of turbulent state is far away from eliminating 
all resistance to the mass transfer snce, even in turbulent 
state, there still exists a significant amount of resistance to 
the eddy diffusion as pointed out by many investigators (Sher- 
wood, 21). But all such kinds of resistances, being different 
to that of stagnant film, are more or less independent of the 
velocity of gas, consequently under such a condition the rate of 
vaporization will no longer be a function of G. 
A further assumption might be made to take into account the 
negative effect of sonic pulsation which occurred when the velo- 
city of air was increased up to 0.12 lb/ft2sec. Under the sonic 
pulsation with a resonant frequency, the molecules of air in the 
duct might all be brought into a kind of periodic motion. This 
phenomenon will be more predominant in the region close to the 
liquid layer, because first the air velocity is slower in that 
region than that in the main stream, the molecules whIch are less 
turbulent are easier to he forced to move in some certain direct- 
ions; and second, the sonic energy reflected from the liquid 
layer will reinforce the periodic motion. It might be reasonable 
to suppose that in the region of the Fes phase close to the liquid 
layer, no matter whether it is stagnant layer or turbulent layer 
before the application of sound, a new layer will be forged by 
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the sonic pulsation. In this new "wave layer" the molecules of 
air are guided by the sonic wave and are more or leas moved in 
some specific directions. The resistance of such new layer is 
between that of stagnant layer and turbulent layer. Therefore, 
for low velocity of air, the formation of thie layer will 
increase the rate of vaporization because it takes place of the 
region originally occupied by stagnant film. For high velocity 
air stream, while the stagnant layer over the liquid layer is 
thinner, the new "wave layer" not only takes the place of the 
stagnant layer but the region which originally was turbulent. 
This kind of converting the turbulent layer into "wave layer" 
apparently will increase the resistance and in turn decrease the 
rate of vaporization; if it cannot be balanced by the positive 
effect it made through disturbing the stagnant film, the total 
negative effect appears as that shown on Plate XXI when 0 is 
higher than 0.11 lb/secft2. 
It should be emphasized that all statements on the foregoing 
page are just some kind of assumptions; a complete theory to 
explain the combination effect of wave motion and flow motion 
can only be developed after more data are available. 
CONCLUSIONS 
A thin water layer with the thickness in the order of 10-3 
cm., whose physical shape was believed not to be altered by the 
action of the audibly sonic waves, with the intensity up to 130 
db was created on the top of a frittered glass plate. The vapor 
pressure of such a water layer as shown to be effectively the 
56 
same as that of a free water layer. 
Under the sonic pulsations with the frequency of 1,150 
cycle/sec and intensity of 129 db, the rate of the vaporization 
of water from a thin water layer such as described in preceding 
paragraph, to still air at 26.50C was found to be increased up 
to 210 per cent above the rate when no sound was applied. 
Under the air stream of low velocity (0.016 lb/ft2sec to 
0.06.) lb/ft2sec, approximately 0.25 to 0.80 ft/sec) with other 
identical conditions the rate of vaporization might be increased 
from 25 per cent to 175 per cent. The sonic effect on vapori- 
zation rate was reduced as the velocity of air was increased. For 
the velocity of air up to 0.12 lb/ft2sec., the sonic pulsation 
might even cause the decrease of the vaporization rate. 
Frequency of sound wave applied was found to be a most essen- 
tial factor of the sonic effect. Significant effect of sonic 
pulsation to the rates of vaporization could only be noted at 
specific frequencies. Up to 1,30 db, the strongest intensity which 
was employed, the sonic effect gave increase in the vaporization 
rate as intensity was increased. 
RECOMMENDATIONS 
For further investigation, the following ideas are recommended. 
Investigation in the region of hither intensity of sound 
should be made. In every case studied so far, the rates of vapori- 
zation have been increasing sharply as maximum available inten- 
sities were applied. For such an investiEation, a powerful sound 
source is required. 
01 
A thorough scan of the sonic frequency spectrum at a con- 
stant intensity should be conducted. Investigation to date 
suggests that effective frequencies may be a function of reso- 
nance conditions. It is reasonable to presume that the dimensions 
of the evaporation chamber, frittered glass plate, and perhaps 
even the stagnant layer, may be factors which contributed to the 
resonance conditions. 
Only cursory observations on the flow pattern in the region 
of vaporization surface were made. specific point velocity 
measurement over various regions of vaporization surface, more 
complete information on Reynolds' number and nature of flow 
around the vaporization surface, should be obtained. 
Only the variables of intensity, frequency, air velocity 
have been studied. The variable temperature undoubtedly will con- 
tribute a great deal to the sonic pulsation and should be studied. 
A method of precisely measuring the surface temperature of vapori- 
zation surface should be developed. 
Systems other than water and air should be studied in order 
to find out the influence of molecular weights on the sonic effect. 
88 
TABLE OF NOMENCLATURE 
A Is area of vaporization surface, ft2 
D a equivalent diameter of wooden tunnel a 0.5 ft. 
Dg diffusivity, ft2/hr 
thickness of water layer, cm. 
dmax = the possible maximum thickness of water layer r, cm. 
db 
fl 
a unit of intensity of sound = 20 log Ps 0.0002 
fugacity of water surface on the porous plate, cm. of 
water head. 
f2 fugacity of water surface on the free liquid surface, cm. 
of water head 
acceleration due to gravity, cm/sec2 
Go = free energy at equilibrium condition, cm. of water head 
H1 411 relative humidity over porous plate, % 
H2 relative humidity over free liquid surface, 
height of water column supported by the porous frittered 
glass plate by the capillary action, cm. 
ho = altitude of the vaporization surface, cm. 
h. = altitude of the measuring tube, cm. 
hmax a the maximum height of water column might be risen by a 
porous plate through capillary action 
intensity of sound, db. 
K equilibrium constant for vapor over a free liquid surface 
and over a liquid surface supported by a certain heizht 
of water column through capillary action 
constant 
1 length of distance between marks on measuring tube, inch 
1' . length of mercury column inside the measuring tube, inch 
n 
. exponent value for the relation between x and G. 
N1 s rate of diffusion of component 1, mol/hr. 
22 total pressure, atmosphere 
Fs go sound pressure, dyne/cm2. 
Pg s partial pressure of water in the main body of gaseous 
phase, atmosphere 
Pi partial pressure of water in the interface between phases, 
atmosphere 
P1 z vapor pressure of water in the main body of liquid phase, 
atmosphere 
= gas-law constant = 0.728 (ft3) /(atm) /(lb.mole)(OR). 
fi * rate of vaporization of water, lb/(sec)(ft2). 
m radius of capillary tube, cm. 
Re . Reynolds, number () 
temperature of air stream in the wooden tunnel, °C 
T1 s mean temperature in the gas film, OR. 
Ti = temperature in the interface between phases, °F. 
time of meniscus taken moving from mark 1 to mark 2 
inside the measuring tube, seconds. 
is input voltage of the sound driver or horn. 
. space inside measuring tube between marks, ml. 
V a specific volume of mercury, m/g. 
= energy required to increase the one per cent of the area 
of liquid surface. 
the work done by a sonic pulsation, erg. 
9C 
x thickness of stagnant film, ft. 
specific surface tension of water, dyne/cm2. 
. density of water, lb/ft3. 
fugacity coefficient of water surface on the porous 
plate. 
. fugacity coefficient of free liquid surface. 
viscosity of water, English unit. 
length of the time the sound being applied, minute. 
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APPENDIX 
Calibrations of Instriiments 
Calibrating the Measuring Tubes. 
Purposes. Determining v, the spaces inside the measuring 
tubes between marks. 
Procedure. A small amount of mercury (chemically pure) was 
introduced into a measuring tube; the length of mercury column 
inside the tube, 11, and the length between marks on the tube, 1, 
were measured by a Vernier Caliper, then the mercury was poured 
out and weighed by a chemical balance, recorded as w. 
Calculation. L" 
1 
weight of mercury per unit length column. 
1 
1() a weight of mercury between marks 
1(w )07 = v apace inside tube between marks. 
1, 
Where v was specific volume of mercury at the temperature 
the calibration being performed; its value was taken from Lange's 
(12) Handbook of Chemistry. 
Results. Five tubes had been calibrated, lengths and spaces 
between each mark expressed as inches and milliliters respectively 
were described diagrammatically in Plate XXVI, 
Discussion. The two ends of the mercury column were set as 
close as possible to the marks being measured to eliminate the 
error caused by the un-uniformity of the diameter of the capillary 
column inside the tubes with the help of Vernier calipers. For 
each measuring several readings were taken. Their deviations 
from the mean value were found to be less than one per cent. 
EXPLANATION OF PLATE YXVI 
Diagrammatic description of the capillary 
tubes 
1 stands for length between the marks in inches. 
V stands for the space inside the tube between 
the marks in milliliters. 
Tube ) / 
Tube II 
A 
PLATE XXVI 
1 * 7.979 
v 0.0927 
A 1 = 3.962 B 1 3.982 
v 0.0421 v 0.0464 
/ 
13 
Tube III 
A 1 * 3.614 B 1 1,3N C 1 . 3.614 D 
v * 0.0421 V m 0.01127 v = 0.0421 
Tube IV 
A 1 * 8,01 
v * 0.0933 
Tube V 
D 
) / / / / / / / / / APCDMIJ 
1 0.960 0.974 0.975 0.956 0.95 5 0.990 0.932 
1.006 0.9d0 
v lig 0.01124 0.01141 0.01142 0.01120 0.01120 0.01160 
0.1091 0.01181 0.01148 
9-1 
Calibruting the intensity of Sound vs, Input Voltage to the 
Sound Lriver. The Altee Type 21-BR-150 Condenser measuring 
microphone connected with sound level meter was located inside 
the wooden tunnel In the place where the frittered glass plate had 
occupied as shown on Plate V. The sound was generated by the 
sound generator after the frequency dial was set at a specified 
frequency. The intensities of sound at a specified position, 
where the frittered glass plate had been and the condenser was, 
were read by the sound level meter against various V, input 
voltage of the sound driver, which was measured by a Weston model 
769 electronic volt milliammtter as shown on Plate 7V. A cali- 
bration curve of I vs V for a specific frequency of 1,150 cycle/ 
sec was obtained as shown on Plate YYVII 
The input voltages were also calibrated against various 
frequencies at constent intensity. Table I shows such calibrated 
data for the intensities of 124 db and 130 db, 
With the help of this curve and table, the intensity of sound 
applying on the vaporization surface could be read from V measured 
by a volts ge meter. 
The calibrations were carried out under such air condition 
that T 300C., the same temperature under which the sonic effect 
experiments carried, and G 0. The experiments proved that the 
G had no effect on the calibration curve. 
Since the intensity was a function of the distance between 
the sound source and the place where it was measured, to measure 
the intensity of sound applying on the vaporization surface, the 
importance of setting the distance between the measuring microphone 
EXPLANATION OF PLATE XXVII 
The calibrating curve of I vs. V 
vvbile f = 1,150 cycle/sec. 
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Table 1. Calibrutl_on cf': intensity of 
sound vs. input voltage. 
Frecuency 
acle/sec 
:Input Voltave: 
volt 
Intensity 
db 
1160 23.2 130 
1600 18.5 130 
230 13.2 130 
1140 17.0 124 
11.,,0 13.0 124 
1170 10.5 124 
1193 12.2 124 
1200 1:7.5 124 
1400 11.7 124 
1600 7.5 124 
2.)70 :i. S 12 
and mouth of sound driver exactly the same as that of vapori- 
zation surface and mouth of sound driver was recognized. The 
microphone,' due to its spherical shape, was calibrated by a 
Type 1552-A-Sound-Level Calibrator whose loudspeaker mounted in 
an enclosure which fitted over the microphone and delivered a 
uniform intensity of sound wave over the spherical surface. As 
a result, it was difficult to determine what was the effective 
distance between microphone and sound source if the latter was a 
point instead of an enclosure. 
In Plate XXVIII, effective distance was taken as 2.68 inches, 
which was equal to 2.38 inches 1/3(0.908 inches). Considerable 
error might be introduced due to such choice of effective distance. 
Since the space inside the wooden tunnel was far away from a free 
sound field, and the really reposing mechanic of microphone was 
unknown, no analytic method has been developed to check the error. 
EXPLANATION OF PLATE XXVIII 
The positions of the Altee Type 
21-BR-150 Condenser microphone end 
the frittered glass plate inside the 
wooden tunnel, 
PLATE XXVIII 
1 
2 .3 S" 
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0ellbrating the Frequency Dial or Audio Generator. 
Purpose. Correcting the reading of the frequency dial of 
audio generator. 
Procedures'. The frequency dial was calibrated by a Heath.. 
kit Leboratory Oscilloscope. The standard signal generated by a 
General Radio Co. Type 1307-A Transistor Oscillator with the fre- 
quency of 1000 cycle/sec. was applied to the horizontal channel 
while the signal generated by the audio generator was applied to 
the vertical chaneel; the wave pattern formed on the screen of 
oacilloscope was observed. The frequency of signal generated by 
the audio generntor was calculeted according to the following 
equation: 
Frequency applied to the vertical number of loops tangent to a 
channel = horizontal line 
Prequeney applied to the hori- number of loops tangent to a 
zontal channel vertical line 
Another signal of 400 cycle/sec. generated by same transistor 
oscillator and the line signal of 60 cycle/sec. also were used as 
standard signal. The results on Plate YYIY show the data obtained 
by these three different kinds of standards were well checked. 
Sample Calculation 
Run No. U-10-01 
t e 170.0 sec 
v ft 0.0464 ml 
Therefore v/t 2 0.0464 2. 2.73 x 10-4 ml/sec. 
170.0 
1For details of the procedures see Ruiterls (19) "Modern 
Oscilloscopes and Their Uses"., page 140. 
EXPLANATION OF PLATE XXIX 
Calibration curve of frequency 
dial of audio generator. 
fd = dial reading 
ft true frequency 
o using signal of 1000 cycle/sec 
generated by transistor oscillator 
as standard frequency 
- using signal of 400 cycle/sec 
generated by transistor oscillator 
as standard frequency 
a = using line-frequency of 60 cycle/sec 
as standard frequency 
"WO-- jerset 
too 
PLATE XXIX 
c Yc'e/4e- 
1 1 i 1,1 1 1 
s. loo Soo 600 le0 Soo $41410°0 
8060 
1090 
100. 
1000 
- c4t.le/s4 
%ft 3 00t) 4000 ;POP WOG loao C700 
C 
o. 
EXPLANATION OF PLATE XXX 
Typical sound levels measured 
with a sound -level meter. (15) 
PLATE XXX 108 
At a given distance from noise source 
decibels 
re 0.0002 dyne/cm2 
140 
50-HP victory siren (100') I 
F-84 at take-off (80' from tail) 
130 
Pneumatic Chipper (5') 
120 
Trumpet Auto Horn (3') 
110 
Cut-off Saw (2') I 
100 
Automatic Lathe (3') I 
Heavy Trucks (20') 
Train Whistles (500') 90 Inside Motor Bus 
Environmental 
Boiler Shop (Maximum Level) 
Engine Room of Submarine (Full Speed) 
Woodworking Shop 
Inside DC-6 Airliner 
Can manufacturing Plant 
Inside Chicago Subway Car 
Small Trucks Accelerating (30') 
80 
Light Trucks in City (20') 
Autos (20') 
70 
Conversational Speech (3') 
15;000 KVA, 115 KV Transformer (200') 
Inside Sedan in City Traffic 
Office with Tabulating Machines 
Heavy Traffic (25' to 50') 
Average Traffic (100') 
Accounting Office 
60 
50 Private Business Office 
40 
Minimum Levels for Residential 
Areas in Chicago at Night 
30 Broadcasting Studio (Speech) 
Broadcasting Studio (Music) 
20 Studio for Sound Pictures 
Average Residence 
10 
Threshold of hearing - young men 0 
1000 to 4000 cps 
EXPLANATION OF PLATE XXXI 
Heating circuit of heater 
CR 3 
--- 200 60 Cr 
/000 W.9rr.3 PEA, 14--LEMENT- 
LOCRTED IN HEATING 0.6/-esep 
6,3 V 
° 
2 K vA -TR/ / 0,0 7 A7 
H LE] 
/000 v97-7.5 Pew, Ei.1-/-zeN7 
L0,7.9 ED It. i-/5 r G Crint-'43ER 
___.(ThrY1- 
//O v 
FOR CoivriNAT,017° 
-FEE NEXT Page 
PLATE XXXI. (CONT.) 
FOR CoNr/NunTio.,.. SEE La 
CR I 
-\'-,C\r-v-ThrThr1 
//O VOLTS 
6.3 voLfs 
vY 
Vo9 A> 1 az E TAP PO p 
2- /000 W.9rrs 
Z- 660 VI/9 rrs 
CR 2 
VOLTS 
112 
since the measuring tube was always at room temperature, 
the density of water se 1 cm/ml. 
Therefore v/t 2.73 7. 10-4 g/sec. 
The area of vaporization surface was 8.4 cm2. 
Therefore r = v/tA 111 
,,3.4 
(0.334) 
2.73 
. 443 x 10-5 
15 /se..02 
(30.48)2 r. 6.83 y 10-.5 1b/sec.ft2 N. 
4 4) 
Table 2. Original data. 
As 8.4 cm2 
Gib e .f tir/t x 104: II Jt 105 
Run No.: 6eeft2 :TC:hcmgoycle/sectvolt: db : t sec: V ml: ml seo :1b/secrt2 
D.0441- 
ga 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
D-5-01 
02 
04 
05 
06 
07 
08 
09 
10 
11 
12 
0.017 
11 
tx 
tt 
31 
tt 
tt 
to 
86 
rt 
tt 
fi 
0 
it 
-*' 
1170 
1160 
1160 
1160 
1160 
2350 
1000 
2350 
-- 
1600 
2350 
-_* 
10.5 
-6.5 
23.2 
23.2 
20.5 
22 
18.5 
22 
-- 
18 
20 
* 
124 
124 
130 
130 
129 
132 
130 
132 
130 
130 
0 
0 
0 
0 
0 
0 
0 
0 
0 
". 
30.5 
tt 
ft 
0 
n, 
30 
NO sound applied 
ft 
It 
tt 
ft 
a 
a 
U 
a 
ft 
rt 
n 
1140 
1150 
1170 
1200 
1750 
1600 
.. 
1400 
1150 
If 
17 
13 
10.5 
15.5 
12 ' 
765 
-. 
11.5 
13 
15n6 
109.0 
138.8 
150.8 
51.0 
76.4 
175.0 
145 
164 - 
136.5 
0.01148 0;729 
7 1.05 
" 0.837 
" 2.26 
0.690 
7 2.25 
7 1;50 
" 0;656 
n 0.792 
" 0.700 
n 0.843 
n 0.809 
111R 
g4;i3% 
154;3 0.744 
IT 152c0 " 0;755 
124 n 163.0 0.705 
0.486 236.0 n 
124 
124 
124 M1 
174;5 
n 
n 
n 
ft 
a 
0°01016605154"5103093 
124 
14. 
-... 
r. 
n 
n 
g itg 124 n 
124 Tgl n 1.10 
1.02 
2.63 
2.06 
1.74 
5.65 
5;65 
3;76 
1;6 
1;9 
1a5 
2.10 
2.02 
2.05 
2.16 
1.85 
1.89 
1.21 
1;76 
2;75 
2;51 
1;61 
1;65 
1;35 
1;44 
1;12 
1;22 
2.75 
Table 2. (cont.) Original datp. 
8.4 ? 
G lb : f : V : 1 : 
Run No.: secft2tTC:hcm:c cle sec:volt db 
:V/t x 104:E x 105 
sec: V ml: ml sec :lb sma4- 
D-5-13 0 
1 0 
15 
4 
0 
16 0 
17 0 
18 0 
M-16-01 0.098 
02 " 
03 " 
04 " 
05 
06 " 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
30 86 
--* 
1200 
1600 
1198 
2350 
It 00ME, 
51.8 41.5 
-- 
52.2 " -- 
51.9 21.3 -- 
52.0 " 
51.8 If 
53.6 t!, 
52.0 " 
52.0 " 
52.0 
51.8 41.5 
-- 
51.7 " 
52.0 " 
52.0 " 
51.9 " 
51.8 " -- 
51.8 0.9 -- 
51.7 " 
52.0 " 
51.7 "1 
51.7 " 
51.7 40.4** -- 
0 ON 
--* --* 
15.5 124 
7.5 124 
12.2 124 
8.5 124 
OP 0 
P 
mom 
00 
00 
00 
00 
00 
00 
00 
0 CO 
* NO sound applied 
** The minus sign means positive water head 
02 0 
245.0 0.01148 0.460 
17.5 " 0.647 
1987.4 " 0.579 
176.0 
246 " 0.466 
353 0 0.454 
167.3 " 2.52 
167.3 " 2.52 
167.3 " 2.52 
166.5 " 2.53 
166.6 " 2.53 
166.4 " 2.53 
166.5 0.0421 2.53 
165.0 " 2.55 
165.0 " 2.55 
164;2 tt 2.56 
163.0 o 2.58 
163.5 n 2.57 
164.0 n 2.56 
163.0 0 2.58 
163.2 n 2.58 
161.2 " 2.61 
162.9 " 2.58 
162.0 n 2.60 
162.0 0 2.60 
161.0 n 2.62 
161.0 0 2.62 
1.15 
1.65 
1.45 
1.65 
1.16 
_1.12 
6.30 
6.30 
6.30 
6.33 
6.33 
6.33 
6.33 
6.37 
6.37 
6.40 
6.45 
6.44 
6.40 
6.45 
6.45 
6.52 
6.45 
6.50 
6.50 
6.55 
6.55 
Table 2.(cont.), Original data. 
A t. 8.4 cm2 
G lb v : I : .V /t x 104 : II x 105 
Run No.:secft2 :TO:hc:cycleiseci olt: db :tsec:Vml: ml sec :lb secft2 
M-16-22 
23 
24 
25 
28 
29 
30 
31 
32 
33 
34 
37 
38 
M-18-01 
02 
03 
04 
05 
06 
07 
08 
69 
10 
11 
12 
13 
14 
0.098 
ft 
52.0 
52.0 
51.8 
52.0 
52.0 
52.0 
52.0 
52.0 
53;9 
538 
53;9 
53;9 
53;9 
53;9 
54.1 
54.6 
54.0 
54.3 
54.4 
.2 
54.5 54.2 
-0.4* 
" 
..._ _ 
2.0 
" 
n 
n 
3.0 
n 
if 
21.3 
0 
0 
" 
82 
if 
lo 
i 
If 
2.7 
__** 
O.> 
.... 
-- 
__ 
-- 
__ 
_- 
_- 
-- 
__ 00 
...., 
-0 
C.a. 
.,.=, 
-.. 
-- 
-- 
.... 
mm 
.100 
_.- 
-. ** 
..... 
°. - 
..... 
-- 
00 
-- 
__ 
_- 
100 
-- 
-- 
0 .0 
=0.01 
-- 
e,ix,.. 
__ 
-- 
- - 
me 
mo 
-- 
--** 
01100 
,.... 
-- 
.....* 
-- 
-- 
__ 
.._m ,--
__ 
-- 
4.... 
-..- 
10 10 
el. 
peW 
-- 
-- 
- - 
se es 
MI., 
;..- 
163.0 
160.0 
163.2 
163.0. 
161.0 
161.0 
162.8 
163.0 
158;5 
159.2 
160.8 
163.0 
161.5 
163;6 
1634 
160.0 
161.0 
16008 
15966 
158.6 
16046 
159.0 
156.2 
159.0 
160.4 
159.0 
159.0 
* The-minus sign means positive water head 
** No sound applied 
0.0421 2.58 6.45 
" 2.63 6.58 
to 2.58 6.45 
2.0 6.0 
n 2.62 6.54 
2.62 6.54 
A 2.59 6.47 
i 2.58 6.45 
n 2.66 6.65 
n 2.64 6.60 
If 2.62 6.55 
P 2.59 6.58 
a 2.60 6.50 
1/ 2058 6046 
11 2058 6.45 
2.63 6.57 0 
n 2.62 6.55 
n 2.62 6.55 
n 2664 6.55 
" 2.66 6.60 
a 2.62 6.55 
n 2.65 6.63 
2.70 6.75 
r 2.65 6.62 
;/. 2063 6047 
V 2.65 6.62 
n 2.65 6.62 
Table 2. (cont.) Original data. 
A 8.4 cm,- 
0 lb g 
Run No.:. ienft4 g T C 
f : V : I : 
nmic cle sec:volt: db 
.v/t x 104: W I 105 
sec; V ml; ml sec ab/seeft2 
M-18-15 0.098 54.0 
16 54.2 
17 U 54.1 
18 n 54.2 
19 w 54.1 
N-19-01 O 26.5 
02 0 n 
03 0 
04 0 li 
Os 0 26.5 
06 0 " 
07 0 " 
08 0 " 
09 0 n 
10 0 w 
11 "0 " 
N-25-01 0.016 28 
02 it n 
It II 03 
ft It 04 
" 
It 05 
ft 
" 06 
07 n ft It It 08 
It if 09 
It II 10 
ft It 11 
2.7 
" 
N 
-0.4** 
" 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
86 
It 
It 
It 
ft 
ft 
w 
" 
if 
" 
IT 
* 
-- 
1150 
1150 
1150 
n 
ft 
1150 
1150 
ft 
ft 
ft 
ft 
It 
CIMI 
1.) 
-- 
-- 
15 
15 
8.o 
12.5 
3 
0.5 
20.5 
__ 
20 
0... 
20.5 
20.5 
22 
22 
15 
14 
15 
10 
.... 
-. 
-- 
125 
.125 
120 
123,5 
112 
118 
129 
-- 
126 
..- 
-- 
129 
129 
128 
128 
125 
125 
125 
122 
_... 
158.8k otiOn 
11 5 8, . 5 
159.3 " 
159.0 " 
307.3 " 
116.4 " 
314.4 
" 
119.8 " 
186.2 0.01148 
168.5 " 
317.8 " 
215.6 " 
81.2 N 
32.8 " 
86.8 " 
166.2 " 
162.0 " 
65.2 " 
70.4 " 
66.5 " 
66,0 " 
96.4 " 
89.0 " 
88.0 " 
116.4 " 
170.0 " 
2 . 6 5 
2.66 
2.64 
2.64 
2.65 
0.374 
0.986 
0.366 
0.961 
0.616 
0.681 
0.362 
0.533 
1.41 
0.350 
1032 
]D061 
0.710 
1.76 
1.63 
1.73 
1.74 
1.19 
1.29 
1.31 
0.986 
0.675 
6.62 
6.65 
6.60 
6.60 
6.62 
0.935 
2.48 
0.912 
2.40 
1.55 
1.71 
0.905 
1.33 
3.51 
0.875 
3030 
-1.73 
1.78 
4.0 
4.08 
4.32 
14-35 
2.98 
3.22 
3.28 
2.47 
1.69 
* No sound applied 
** The minus sign means positive water head 
Table 2. (cont.) Original data. 
A m 8.4 em2 
:Glb : r tV;I: 
Run So: eseft2 h omtcycle suc:vOlte dh g t sc 
M-25-12 
13** 
14** 
15** 
16** 
17** 
18** 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
3 
3 
36 
37 
38 
39 
40 
0.-016 
" 
" 
" 
a 
ft 
tt 
et 
ft 
tt 
It 
tr 
It 
ti 
ft 
II 
It 
IT 
It 
sr 
II 
2C 
ft 
ft 
it 
rt 
ft 
to 
to 
ft 
to 
ii 
Vt 
Vt 
n 
tt 
ii 
if 
IT 
86 
It 
It 
ft 
tt 
tt 
ft 
It 
ft 
it 
It 
It 
ft 
ft 
It 
It 
1150 
ft 
ft 
a 
tr 
- 
1150 
ft 
ft 
n 
Vt 
ft 
11 
it 
IT 
It 
ft 
1150 
5 
5 
--* 
116 
116 
5 116 153; 
5 116 154. 
5 116 1605 
-.5 116 156.2 
168.0 
163.0 
161.6 
158;4 
159.2 
,J58;3 
12.5 1234 Iva; e- 
w 101:T 
175 126 74.8 
17.5 126 74.8 
20;5 129 77.8 
20.5 129 794 
3 112 167.0 
205 129 73.2 
20.5 129 76;0 
8 120 135;8 
120 136;2 
6 118 1584 
7 119 146.0 
-- 87.2 
.."0 120 83.3 
20;5 129 67;8 
6.5 118.3 840 
-- 85.6 
: v/t x 104tr 105 
V nil: ml sec tIb/secft2r 
0.01148 
" 
" 
" 
" 
" 
" 
* 
It 
It 
II 
ft 
if 
ft 
ft 
ft 
II 
It 
it 
ft 
ft 
Int 
0.684 
0;705 
0;711 
0.730 
0,;743 
0;716 
0.737 
A5.725 
0721 
0;725 
1:14 
1.13 
1.53 
1,;53 
1.48 
145 
0.688 
1.57 
1.51- 
0.846 
0.844 
0;726 
0.787 
1.31 
1;38 
1;69 
1;37 
1.33 
1.71 
1.76 
1.78 
1.83 
1;85 
1,78 
1;84 
1.81 
1.80 
1.81 
285 
2.82 
3.86 
3.;86 
3,69 
362 
1;72 
3;92 
3.78 
2;11 
2.10 
1;81 
1.97 
3.28 
3p 45 
4.21 
3.14.2 
3.32 
No-sound'aPplied 
** The sound.wat.appliad'contiAdoWay-ftring-these six runs. The data were taken 
2, 17, 24, 41 53, and 67 minutes after starting the sound driver respectively. 
Table 2. (cunt,) Original data. 
8.4 cm2 
G lb,- f V : I : 
Run No.: beeft4 T C > h cm:cycle sec:volt: db t sec: V ml: 
V/t x 104: r 105 , 
ml/sec lb/secft4 
N-25-41 
42 
44 
45 
47 
49 
50 
51 
52 
53 
54 
55 
56 
5? 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
N-26-01 
02 
0.064 
H 
N 
IT 
0.037 
At 
0.064 
28.5 
II 
29.2 
29.5 
29.0 
ft 
28.5 
86 
U 
N: 
ft 
IT 
11. 
IT 
N. 
-* 
N 
n 
r 
f. 
w 
N 
n 
n 
1150 
--* 
, - 
6.5 
N 
8 
9' 
20.5 
5 
IT 
17.5 
w 
8 
9- 
15 
w 
8 
" 
6;5 
12.5 
10 
4 
2 
1 
-- 
22 
- 73.1 0.01148 
__ 88;3 
" 
118.3 86.2 " 
" 84;8 " 
120 85.6 n 
121 85;3 " 
_ 110.2 n 
129 68.2 n 
n 69.2 n 
116 111.5- w 
" 111111 n. 
126 74.6 n 
" 74 It 
120 115 
.121 104 n 
-- 
109 
125 85.7 n 
N 84.7 ti 
120 117.3 rr 
-- 
'',109.2 
1183-1113:0 n 
123.5 93.6 n 
122' 103.0 
11 :117.0 w 
10 .5112.0 n 
103 1053'5 n 
111.6 
-- 
97.8 n 
128 74.2 
1;57 
1.30 
1;33 
1;35 
1.34 
1;35 
1.04 
1.66 
1.66 
1.03 
1.03 
1;54 
1;55 
1;00 
1.10 
1.05 
1.34 
1.36 
0.98 
1.05 
1.01 
1.13 
111 
0;98 
1.02 
1.09 
1.03 
1.17 
1.55 
3.92 
3;25 
3.32 
3;38 
3;35 
3;38 
2;60 
4;20 
4;15 
2.58 
2:58 
3.85 
3.88 
2;50 
2;75 
2;62 
3.35 
3.40 
2;46 
2;62 
2.75 
2.82 
2.52 
2.145 
2.55 
2.72 
2.58 
2.92 
3488 
* No sound applied 
Table 2. (cont.) Original data. 
A = 8.4 cm2 
: G lb, : t : V : I : 
Run No.: secft4 :TC;hcmo dle sec:volt: db :tsec: Vml: ml see elb sawft2 
:V /t x.104 : 1 105 
N-26-03 0.064 
04 " 
05 
06 ! 
07 
08 ! 
09 7 
10 ! 
11 ! 
12 ! 
13 " 
28.5 86 1150 
n 
" n 
n it n 
» n » 
r n 
» n It 
n n It 
IT n IT 
4 n et 
» n It 
i n 0 
n n if 
§ n n n 
4 4 n n 
17 n " " » 
18 r II . te ..,-* 
19 r n r 1150 
20 4 w r " 
21 4 n " " 
22 4 IT It " 
23 n If n " 
24 " n " 
25 " " " " 
26 4, " 4 n 
27 r n r r 
28 I i n » n 
29 n » n n 
30 n 
27.5 126 76.8 0.01148 1.50 
17.5 126 76.2 " 1;51 
17.5 126 76.0 " 1.51 
5 116 93.4 1 1.23 
10 122 t83.2 * 1.38 3.45 
8 120 91.6 1.25 3.12 
12.5 123.5 81.8 " 1.40 3.50 
9 121 6 84.0 " 1.37 3.42, 
4 114.5 92.8 a 1.24 3.10 
14 125 75.5 " 1.52 3.80 
17.5 126 70.4 " 1.63 4.07 
20.5 129 70.8 " 1.62 4.05 
17.5 126 69.6 " 1.65 4.12 
20.5 129 64.0 " 1.80 4.50 
20.5.129 63.5 " 1.81 4.52 
__* 
....* 92.4 " 1.27 3.18 
10 122 83.8 1.37 3.42 
10 122 84.0 1.36 3,40 
10 122 84.5 1.36 3.40 
20.5 129 68.0 1.69 4.22 
20.5 129 68,3 1.68 4.20 
9** 121 86.2 1.33 3.32 
" 121 83.2 " 1.38 3.45 
121 82.0 11 1.40 3.50 
" 121 80.0 * 1.43 3.32 
" 121 80.6 " 1.42 3.55 
" 121 81.2 * 1.41 3.52 
" 121 78.7 1.46 3.55 
3:75 
3;78 
3;78 
3:08 
* NO sound applied 
** The sound was'applied'continuously during these runs. The data were taken 
1, 10, 17, 22, 30, 35, 745 minutes atter-sttlititintthe7_sound driver respectively. 
Table 2. (cont.) OriEinal data. 
A s 8.4 em2 
: G lb : 
Run No._: Abeft2 
: f :V:It 
C t IL zartcyclA/saa:volt: db 
Y :V/t x 104 
t sem: V mit mlleee 
: !x 105 
1iq'secft2 
N-26-31 
32 
33 
34 
'35 
N-27-01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
0.064 
" 
n 
" 
a 
0.037 
" 
0.080 
" 
tt 
a 
tt 
111 
28.5 86 1150 9** 121 80.2 
A It tt It 121 78.9 
n 
" 121 80.0 
a 8. 120 86.o 
n. n 8 120 84.7 
29 * 6.5 118,5122.0 
122,'.0 
1150 8:0 120 118:0 
20.5 129 74;0 
129. 75.0 
84:0 
n 
". 129 730 
5 116 87;7 
" 87:o 
82.2 
15 1:40,5- 73:4 
tt n 8 120 87;0 
30 9 121' 84;4 
t n. 2 108;5 87.3 
V 83.0 83.0 
1150 2 108.5 87.0. 
1 103 85 ;6 
10 122 80.5 
0.5. n- on- 78.6 Is 
A 1.25106 -86 
A 5- 116- 88" 
A 12.5 123.5 74.8 
0.01140 
" 
" 
fe 
" 
" 
7 
" 
" 
a 
,7 
P 
" 
" 
! 
7 
7 
" 
0 
fT 
" 
1.43 
1.46 
1.43 
1.33 
1.36 
0;943 
0;943 
0;975 
1.55 
1.57 
1:37 
1.57 
1.31 
1.32 
1;40 
1;56 
1;32 
1.36 
1;31 
1.38 
1.32 
1;3 
1;43 
4 
1.46 
1.46 
1.33. 
1.30 
1.53 
3.58 
3:55 
3.58 
3.33 
3;40 
2;36 
2.36 
2; 
3; 
3.92 
3.42 
3;92 
3;28 
3;30 
3;50 
3;90 
3;30 
3.4o 
3.28 
3.45 
3.30 
3.35 
3.56 
3..65 6
3 
3.32 
3.25 
3.82 
* No -sound applied- 
** The sound maii-applied-continuously-dnring-theSe'rUna; The datia'were taken 45, 
57, and 63 minutes after starting the sound driver respectively. 
Table 2. (cont.) Original data. 
A = 8.4 em2 
G lb : : : f : V : I : : :V/t x 104: ii x 105 
Run No.: secft2 : T C : h cancyclaisec_:vult: Jib : t sec: Tani: ml /sec :lb /secft2 
1150 10 122 83.0 0.01148 1.38 3.45 
n 0:C100 78.5 q 1.46 3.65 
m 9 121 86.0 " 3.33 
--* --* --* 78.2 " 1.45 
-- .. _. ..,_._ " 0.952 3i:;2g 
.... -- -- 78.8 
__ 
119:3 
m 
1.47 
1.46 
,- -- 119.6 m 0.96 
3.68 
-- 
440 . __ 85:4- n 1.21 3.02 
.- 
" 1.25 3.13 
1150 20.5 129 
92.0 
1.57 
.3.92 
51.2 " 
A 20.5 129 55.2 es 2.09 
2.24 5.60 
n n n ti 
-- 
1150 0.5 97 1.1 
.- 
-- 
-- 
-- 
-- 
00,0 
-- 
53.4 
" 
" 
" 
1/ 
" :::: 
2.02 
2224.6.1°0124 
5.38 
5.05 
5.52 
5.05 
5.? 
1150 20.5 129 
57.2 
* 
n 
1.73 
5.05 
5.10 
0 5 97 66.4 " 4.32 
1150 20.5 129 65.4 n 
66.2 " 1.74 4.35 
-..- 
n 
...,.. ..... 
0.5 97 67.0 n 
1.71;7 
4e40 
t42 
1150 0.5 97 
65.0 
: 
1150 20.5 129 74.5 
n 20.5 129 78.2 
-- n 
II 
n 1.g5 
11:4'3 
3.87 
3.68 
20.5 129 67.0 1.71 4.28 
N-27-24 
25 
26 
N-29703 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
16 
15 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
0.080 
" 
n 
w 
n 
m 
0.037 
0.064 
n 
" 
0.012 
" 
A 
u 
m 
n 
n 
0.118 
n 
u 
0.094 
u 
" 
It 
0.017 
n 
0.080 
m 
30 
n 
n 
28.4 
n 
m 
" 
" 
28.3 
n 
u 
II 
if 
u 
u 
u 
n 
n 
28.4 
u 
n 
n 
27.4 
n 
n 
n 
n 
* 
or 
n 
86 
n 
w 
if 
w 
m 
n 
" 
u 
" 
u 
11 
If 
n 
tt 
ti 
" 
ft 
86 
* 
n 
n 
w 
n 
ft 
e 
n 
n 
n 
No sound applied 
Table 2. (cont.) Original data. 
t... 8.4 0012 
G lb 1 : - : : f : V 
Run No.: secft2 ITC:bcm:cycle/sectvolt: 
N -29 
-30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
0.037 
n 
n 
_ 
- 
0 
" 
0 
s 
n 
n 
n 
n 
" 
tf 
r 
" 
u 
n 
n 
' 'ft 
27.1. 
n 
26.4 
n 
s 
s 
26.5 
n 
n 
0 
n 
n 
n 
n 
n 
it 
n 
tl 
is 
0 
If 
86 
n 
" 
n 
s 
0 
,, 
n 
n 
0 
n 
n 
i 
n 
it, 
n 
it 
et 
s 
It 
ft- 
1150 
....it 
1150 
1150 
-- 
-- 
-- 
-- 
1150 
n 
n 
n 
n 
n 
ti 
If 
n 
0 
n 
11' 
2(452 
...11. 
K; j 
a5 
-- 
WI. 
__ 
20.5 
15"' 
12.5 
10 
8 
9.' 
6.5 
0.5 
5 
4 
10 
U-10-01 
02 
03 
04 
06 
05 
07 
0.112 
n 
" 
0 
0 
s 
. 
tv/t x-0 N 4: k 105 1 : . 1. 
dbzt_ae_c:Vnal ml/sec 
129 68.0 0.01148 1.69 
--* 112.0 n 1.02 
4.22 
129 74.0 n 1.55 3.87 
129 83.0 n 1.40 
-- 277 n 0.415 itg(4). 
129 82- ti 
83.3 n 
lt4 387 3t4657 
-- 83:5 s 1.37 3.43 
mw O ' 331.0 n 0.347 0;868 
. 317;8 n 0;362 0.905 
129 790 n 
123.5'42.4 
125 93.8 II 
n 11 R 
122 135.0 
120 197.3 
0 13;850 2:13 
O 0;582 1;46 
121- 157.0 If 0.732 1.83 
118.3 2144.5 If 0.470 1.18 
97 2/64 P 0.416 1.04 
--.. 
274.0 s 0.420 1.05 
116 301:5 ti 0:381 0:954 
122 116.0 ." 0;986 2:47 
114 307.0 n 0.374 0.936 
5i 
fr 
51.0 21.3 -- -- Yr OW 170.0 0.0464 2.73 6.83 
s 
-- 
170.7 
s 
s 2;73 
2;73 
6.83 
6.83 
-- 170.3 
0 M -- -- 170.3 
s 
s 
83;6 
83;6 
__ 
-- 
__ __ 
-- 
di OW 1-77g10.4 
n 
Ii 
n 
2.70 
2;72 618o 
6;75 
91.3 -- __ ON 171.5 i '..'2 
6.83 
6.75 
No -eatuid applied 
Table 2. (cont.) Original data. 
A .=_$.4.cm2 
G lb : 
Than No.: ierSt? TCth a f : _els a V : I : or/t x 104: 8 x 105 set:volt: db a t sec: V ml: ml sec ab/secft2 
U-10-08 0.112 
09 r 
10 r 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 I 
0-23-01 0.114 
02 " 
03 " 
04 v 
05 
06 " 
07 
o8 " 
09 " 
10 
11 
12 
n 
55.0 91.3 
w 91.3 
" 91.3 
" 10500 
" 105.0 
" 107.0 
" 107.0 
54.5 107.0 
" 107.0 
" 107.0 
55.o 10.4 
" 103.4 
" 11904 
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In this investigation, the audio sonic waves were used as 
a tool to increase the rate of mass transfer between phases. 
The experimental data indicated that the sonic pulsations with 
suitable frequency (1,150 cycle/sec) and strong intensity (129 
db), might increase the rates of vaporizing liquid water (into 
air under natural convection and 80°F) up to 210 per cent 
compared with that without sound. Such effect was in general 
increased with the increase of intensity of sound applied and 
reduced under force convection with high velocity of air. The 
frequency of sound was found to be a very sensitive factor and 
it is possible that the rates of mass transfer can only be 
affected when a resonance frequency is applied. The water was 
vaporized from a thin liquid layer with the thickness in the 
order of 10-3 cm; an equation which was developed showed the 
surface tension of such thin layer was enough to prevent the 
significant area change of liquid surface due to the sonic pulsa- 
tion with the intensity of 130 db. Therefore, such increases of 
rates of mass transfer were supposedly due to the disturbance of 
stagnant gas film caused by the sonic pulsation. 
